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A critical outcome of the invasive processes of exotic plants is the impact on soil microbial communities
and chemical parameters. We studied the impact of Acacia dealbata on soils of mixed forests and
shrublands. We hypothesized that A. dealbata can alter soil microbial community function and soil
chemical profile in invaded ecosystems. Two sampling dates were selected depending on the pheno-
logical stage of A. dealbata (vegetative vs. reproductive).
Soil chemical parameters were deeply modified in the invaded sites. Total C and N, P, K, Ca, Mg, NO3
and NH4þ content and available P, were significantly higher in invaded soils of both mixed forests and
shrublands. Soil microbial community activities were affected by the sampling date, soil type and
ecosystem. Enzymatic activities mainly varied in soils collected during the vegetative stage of A. dealbata
in mixed forests and during both vegetative and reproductive stages in shrublands. Soils invaded by
A. dealbata showed increased acid phosphatase, b-glucosidase and N-acetyl glucosaminidase activities
and the geometrical mean of these activities. Soil basal respiration was significantly reduced in invaded
patches of mixed forests. Our results showed an alteration of soil chemistry and microbial community
function related to A. dealbata presence, probably leading to acceleration in the decomposition and
mineralization rates.
© 2014 Elsevier Ltd. All rights reserved.1. Introduction
Natural species movements are a major force for bringing about
ecosystem changes through “invasion” processes, since all species
have spread into new territories at some point in their evolutionary
history (Sax et al., 2005) and overcome natural barriers (Lorenzo
and Gonzalez, 2010). However, humans have changed all this. In
the last decades, the term “biological invasion” has become
increasingly relevant, directly related to the progression of hu-
mankind, which heightens invasive pressure on natural ecosystems
and leads to the dispersion of non-native species at unprecedented
rates (Ricciardi, 2007).
Once the invader has settled, many effects have been collected
with variable magnitudes and directions (Weidenhamer and
Callaway, 2010; Vila et al., 2011). One of the main characteristics
affected by the presence of non-native plants is the flux of litter,
mainly due to large amount of organic material deposition: þ34 986 812 556.
.
(Ehrenfeld, 2003; Liao and Boutton, 2008). Invasive plants also alter
soil microbial composition, as they harbor different root-associated
microbial communities (Kourtev et al., 2002). New plantemicrobe
associations, together with the alteration on litter input, influence
the microbial community structure, which is strongly related to
plant growth and vice versa (Bever, 2003).
Soil microbial communities release extracellular enzymes that
allow them to access energy and nutrients present in complex
substrates, catalyzing the initial step of decomposition and nutrient
mineralization (Allison and Vitousek, 2005). Moreover, decompo-
sition rates should in principle be correlated with the activity of the
enzymes responsible for degradation (Sinsabaugh, 1994). The
functional capacity of these microbial communities varies among
soils dominated by different plant species (Waldrop et al., 2000).
Nevertheless, there is a feedback between plant and microbial
communities as the current vegetation is reflected in the range of
enzymatic activities of the soil microbial community (Kourtev et al.,
2002). Therefore, microbial enzymes are fundamental components
for the functionality of soil ecosystems. In fact, enzymatic activities
can be used as a direct expression of the microbial community's
metabolic requirements and available nutrients, and provide a
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microbial populations and nutrient dynamics (Sinsabaugh and
Moorhead, 1994). Due to their fast response to environmental
condition changes and disturbances, enzymatic activities have been
widely used as sensitive indicators of alterations in soil microbial
function during invasive processes (Nannipieri et al., 1990; Allison
et al., 2006; Joanisse et al., 2007) or litter decomposition (Waring,
2013).
1.1. Genus Acacia and Acacia dealbata
Among invasive plants, Acacia is probably one of the most
problematic genuses outside its range of distribution; 23 species of
acacias are currently defined as invasive plants (Richardson and
Rejmanek, 2011). Acacia dealbata Link is an N-fixing tree native to
Australia, widespread in New South Wales, Victoria and Tasmania
(May and Attiwill, 2003) and currently considered as an invader in
European Mediterranean-type ecosystems (Marchante et al., 2008;
Celesti-Grapow et al., 2010; INPN, 2011; MARM, 2011), but also in
other parts of the world such as South Africa (Richardson and
Rejmanek, 2011) and South America (Fuentes-Ramírez et al.,
2010). A. dealbata shows a wide range of invasive traits such as
rapid dispersal, fast sprouting, sexual and vegetative reproduction
or genetic plasticity (Alpert et al., 2000; Lorenzo et al., 2010a). The
presence of allelopathic compounds has also been suggested as a
tool contributing to its spread, unbalancing competition with
native species mainly during the flowering period (Carballeira and
Reigosa, 1999; Lorenzo et al., 2011). Nevertheless, allelopathic
compounds have been reported to exert a variable influence on
microbial communities (Lorenzo et al., 2013a, b). A. dealbata is a
good target species to explore alterations in soil microbial com-
munity function because thewide range of effects resulting from its
presence include alteration of soil elements as C, N or P (Lorenzo
et al., 2010b), decomposition processes (Castro-Díez et al., 2012)
and microbial community structure (Lorenzo et al., 2010b).
To our knowledge, only one study has been recently conducted
to assess the effects of A. dealbata on the soil microbial function of
non-specific microbial groups (Lorenzo et al., 2013a). Therefore, the
present study aims to determine the impact of A. dealbata invasion
on microbial activities. We are submitting a case of discussion of
one of the most problematic plant invaders in Europe from a new
perspective: the assessment of microbial enzymatic activities and
soil basal respiration in invaded and non-invaded soils of mixed
forests and shrublands. Additionally, measurements were taken at
two different periods to evaluate the influence of the phenological
stage of A. dealbata.
2. Methods
2.1. Site description and experimental design
The study was conducted in an area in the region of O Ribeiro, in
NW Spain (42180 1800N, 8 100 1800 W). Soils from this area are
classified as umbrisols (Soil Atlas of Europe, 2005). This area is
characterized by a Mediterranean sub humid climate with Atlantic
trend, with mean annual temperature range values from 6.7 C to
18.0 C. The underlying material consisted of granite and granodi-
orite rocks. Soils are typically acidic with sandy texture and contain
a high content of organic matter and low levels of nutrients. These
soils are generally classified as umbrisols (European Commision,
2005).
Two different ecosystems were clearly distinguished in the
studied area: forest and shrubland. Selected forests are mainly
dominated by Pinus pinaster Ait., forming mixed compositions with
Quercus robur L., accompanied by Quercus suber L. and Arbutusunedo L. in the warmest areas. Shrublands are mainly composed of
Ulex europaeus L., Pterospartum tridentatum L., Erica umbellata Loefl.
Ex L., Erica cinerea L. and the scarce presence of the genuses Cistus
sp. and Cytisus sp. A total of six independent ecosystems were
chosen 100 m apart from each other. In each ecosystem (mixed
forest or shrubland), we clearly differentiated two statuses: an
invaded patch, entirely occupied by A. dealbata more than 10 years
old, and a non-invaded patch with native vegetation. Each sam-
pling plot occupied an approximate area of 100 m2 (10  10 m).
Non-invaded plots were located contiguous to A. dealbata plots,
within the first 5 mwithout A. dealbata presence. Invaded and non-
invaded plots had similar characteristics before A. dealbata
invasion.
2.2. Soil sampling and chemical analyses
Soil collection was conducted in December 2010 (vegetative
stage of A. dealbata) and March 2011 (reproductive stage of A.
dealbata). Soil for chemical analyses was collected in December
2010. A total of 10 samples (minimum, 1 m apart) of the topsoil
(0e20 cm) were randomly collected after litter removal in each
invaded and non-invaded plot of each mixed forest and shrubland.
Soil samples were stored in polyethylene bags at 4 C (±2 C) in a
portable fridge and immediately taken to the laboratory. Soil
samples from the same origin were pooled to form a composite
sample. Once in the laboratory, a part of each soil type was air dried
at room temperature (72 h), passed through a 2 mm sieve and
subsequently used for chemical analyses. The other part was freshly
sieved and kept at 4 C and used for biochemical analyses within
24 h after soil collection.
Soil pH was determined in a soil solution rate of 1:2.5 soil
weight/water volume ratio in a Crison digital pH meter (Guitian-
Ojea and Carballas, 1976). Total C and N content were estimated
after combustion at 1200 C of 0.1 g of soil samples using an LECO
CNS-2000. Inorganic carbon was similarly determined after
removing organic matter (OM) by combustion at 550 C of 0.3 g of
soil samples for 24 h. Inorganic carbon of all samples was<0.05%, so
total carbon was considered as organic carbon. Total phosphorus,
potassium, calcium and magnesium were extracted using
HCLeHNO3 after combustion (3 h, 550 C), followed by quantifi-
cation in the extract by inductively coupled plasma optical emission
spectrometry (ICP-OES) in a Perkin Elmer Optima 4300 DV instru-
ment. Available phosphorus was extracted according to Jakmunee
and Junsomboon (2009) and colorimetrically determined by the
Bray-Kurtz I method (Bray and Kurtz, 1945). Ammonia, NO3 and
NO2 were analyzed according to Kempers (1974). For each soil
parameter, five subsamples from each composite sample were
taken for the analyses.
2.3. Microbial community activity analyses
Two different measurements of the microbial community
function were estimated: soil enzymatic activities (hereafter EAs)
and soil basal respiration (SBR). All measurements were taken on
two sampling dates according to different phenological stages of
A. dealbata. To allow the comparison of results, sampling dates with
similar atmospheric conditions were selected (e.g. temperature,
rainfall).
Three enzymes directly involved in carbon (C), nitrogen (N) and
phosphorus (P) cycling were selected. We measured the C-degrad-
ing enzyme, b-glucosidase (E.C. 3.2.1.21, hereafter BG), which acts in
the decomposition of cellulose and other carbohydrate polymers;
the N-liberating enzyme N-acetyl-glucosaminidase (E.C. 3.2.1.50,
NAGase), implicated in chitin degradation; and acid phosphatase
(E.C. 3.1.3.2, AP), an enzyme involved in the release of P fromorganic
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decompositionprocess, these enzymeshavepreviouslybeenused to
characterize the effects of plant invasions (Allison et al., 2006; Li
et al., 2006; Joanisse et al., 2007). Using absorption spectropho-
tometry techniques after soil incubation with a specific substrate,
enzymatic activity was quantified according to Allison and Vitousek
(2005) as the amount of p-nitrophenol (PNP) produced. Under lab-
oratory conditions, each sample was replicated four times and
averaged. The results of the activities were expressed as mmol p-
nitrophenol g1 dry soil h1. For each sample, the geometric mean
(GMea) of the assayed EAs was also calculated [GMea ¼ (AP 
BGNAG) 1/3]. This algorithmhaspreviouslybeenused to assess the
effects of grazing (Prieto et al., 2011) or the recovery of polluted soils
(Hinojosa et al., 2004). Here, we used this algorithm to assess the
general change in the global enzymatic activities of soils invaded
with A. dealbata.
Soil basal respiration measurements were made in situ in
December 2010 (vegetative period) and March 2011 (reproductive
period). Measurements were carried out as described in Pedrol
et al. (2010), using a soil respiration chamber (Li-COR 6000-09)
connected to an infrared gas analyzer (Li-COR 6200). Six points
were randomly located in invaded and non-invaded patches of each
ecosystem. To takemeasurements, the litter layer was removed and
the soil surface was covered with a sheet paper for 20 min to avoid
direct light influence and to stabilize soil conditions. During soil
respiration measurements we recorded soil relative humidity, air
temperature, soil temperature and CO2 concentration.2.4. Statistical analyses
Enzymatic activities and GMea results were subjected to a
three-way analysis of variance (3-way ANOVA) in order to examine
the single and combined effects of the independent variables of the
model (phenological stage, ecosystem and soil type). Data
normality and the homogeneity of variances were checked by
KolmogoroveSmirnov test and Levene's test, respectively. If
normality assumptions were satisfied, differences in the enzymatic
activities and soil basal respiration between invaded and non-
invaded patches were evaluated by t-test.
Soil basal respiration values obtained in the field were previ-
ously subjected to ANCOVA, using the measured ambient condi-
tions (soil relative humidity, air temperature, soil temperature and
CO2 concentration) as covariables. Hence, soil respiration datawere
transformed according to significant variables and then submitted
to ANOVA. Pearson's correlationwas carried out to assess the linearTable 1
Mean (±SE) of soil chemical parameters in mixed forests and shrublands in December 2
zones t-test:* p < 0.05,**p < 0.01,*** p < 0.001.
Variables Mixed forests
Non-invaded Invaded
pH 3.98 (±0.02) 4.07 (±0.02)
C (g/Kg) 187.63 (±2.72) 274.8 (±10.85
N (g/Kg) 7.03 (±0.18) 15.71 (±0.91)
P (mg/kg) 371.58 (±9.53) 468.35 (±11.24
Pavailable
(mg/Kg)
73.83 (±1.77) 88.14 (±0.91)
Ca (g/kg) 3.74 (±0.22) 5.35 (±0.06)
K (g/kg) 3.63 (±0.57) 3.08 (±0.02)
Mg (g/kg) 3.32 (±0.19) 4.8 (±0.07)
NO2 (mg/kg) 0.21 (±0.01) 0.48 (±0.02)
NO3(mg/kg) 7.22 (±0.32) 46.94 (±4.75)
NH4þ (mg/kg) 27.23 (±0.81) 62.67 (±1.03)
C:N 26.87 (±0.31) 18.28 (±0.34)
N:P 19.17 (±0.88) 32.54 (±1.15)
C:P 504.95 (±1.98) 586.74 (±3.01)relationship between soil chemical and microbial parameters.
Correlation matrix was further analyzed through principal
component analysis (PCA) to represent the relationship of micro-
bial activity parameters (Soil basal respiration, EAs and GMea)
between the invaded and non-invaded patches. All tests were
performed using SPSS v19.0 Software (SPSS Inc., Chicago, IL, USA).
3. Results
3.1. Soil chemical analyses
Significant differences were found in the soil chemistry among
invaded and non-invaded soils in both shrubland and mixed forest
(Table 1). All chemical parameters experienced a general
enhancement under A. dealbata invasion with the exception of C:N
ratio and pH values. Total C content was significantly higher in soils
invaded by A. dealbata, >45% in mixed forests (p < 0.001) and
>500% in shrublands (p < 0.001). Total N was also significantly
higher in invaded soils. Nitrogen content in the invaded soils from
mixed forests duplicated N values in non-invaded soils (p < 0.001).
Moreover, total N of invaded shrublands reached more than seven
times N values in the non-invaded soils (p < 0.001). In both mixed
forests and shrublands, changes in N where A. dealbatawas present
entailed a significant enhancement in NO2, NO3, NH4þ contents, and
N:P (using total p values) ratio, and decreased the C:N ratio
(Table 1). Available (Pa) and total P, Ca, and Mg were also signifi-
cantly higher in invaded soils of mixed forests (26%, 19%, 43% and
44%, respectively), and shrublands (21%, 152%, 690% and 766%,
respectively). Additionally, the overall variation found in soil
chemistry between non-invaded and invaded soils presented
remarkable differences. Changes in the soil chemistry of shrubland
were more noticeable than those in the forest: 333% of variation
from native values, compared to around 90% in the forest.
Pearson's correlation results for the pH, the main soil chemical
elements (C, N and P), and microbial variables (EAs and SBR),
seemed to be similar for the invaded and non-invaded soils
(Table 2). The pH was negatively correlated with N and C. However,
in invaded soils, P was also found to be positively correlated with C
and N, and negatively with pH, whereas no correlations were found
in non-invaded soils.
3.2. Soil microbial activities
EAs responded differently to independent variables (Table 3);
the phenological stage, soil type and ecosystem significantly010. Asterisks represent significant differences between invaded and non-invaded
Shrublands
Non-invaded Invaded
** 5.33 (±0.01) 4.5 (±0.01)***
)*** 30.97 (±0.09) 194.1 (±0.1)***
*** 1.58 (±0.01) 11.89 (±0.01)***
)** 330.5 (±0.41) 400.5 (±0.42)***
*** 27.58 (±0.03) 69.46 (±0.04)***
*** 1.36 (±0.01) 10.76 (±0.004)***
1.3 (±0.003) 3.51 (±0.002)***
*** 0.45 (±0.002) 3.9 (±0.035)***
*** 0.57 (±0.001) 0.55 (±0.016)
*** 20.53 (±0.46) 74.15 (±0.28)***
*** 15.78 (±0.15) 70.38 (±0.05)***
*** 19.72 (±0.06) 16.33 (±0.01)***
*** 4.77 (±0.01) 29.75 (±0.02)***
** 93.70 (±0.14) 484.65 (±0.3)***
Table 2
Bivariate correlations (Pearson correlation) between soil microbial parameters (italics) and main soil chemical parameters.** indicate significant correlation at 0.01 level;*
indicates significant correlation at 0.05 level; n.s. ¼ no significant correlation. SBR ¼ soil basal respiration, AP ¼ acid phosphatase, BG ¼ b-glucosidase, NAGase ¼ N-acetyl-
glucosaminidase.
SBR AP BG NAGase pH N C P
Non-invaded soils SBR 1.00 n.s. 0.64* n.s. 0.98** 0.98** 0.99** n.s.
AP 1.00 0.72** 0.94** n.s. n.s. n.s. n.s.
BG 1.00 0.66* 0.81** 0.69* 0.78* n.s.
NAGase 1.00 n.s. n.s. n.s. n.s.
pH 1.00 0.97** 0.99** n.s.





SBR 1.00 n.s. 0.89* n.s. 0.97** n.s. 0.75* 0.72*
AP 1.00 n.s. 0.92** n.s. 0.92** 0.84** 0.86**
BG 1.00 n.s. 0.93** n.s. n.s. n.s.
NAGase 1.00 n.s. 0.87** 0.81** 0.83**
pH 1.00 0.72* 0.85** 0.80**
N 1.00 0.98** 0.95**
C 1.00 0.96**
P 1.00
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affected by the phenological stage, and GMea values seemed to be
independent of the studied ecosystem. Enzymatic activities and
GMea were heavily increased in the presence of A. dealbata to a
different degree (Fig. 1). Initially, native shrubland presented lower
EAs in comparison to the native forest (see also Fig. 1). In the
shrubland, enzymatic activities were mainly increased in both the
reproductive and vegetative stages whereas the enhancement in
the forest was related to the vegetative period (AP>46%, p < 0.01;
GMea>150%, p < 0.01). The rise in EAs in soils with A. dealbata
presence was particularly noticeable in the shrubland in both pe-
riods, vegetative (BG>83%, p < 0.000; NAGase>200%, p < 0.000)
and reproductive (AP>575%, p < 0.000; BG>230%, p < 0.000;
NAGase>109%, p< 0.05). At the same time, significant differences in
all EAs were found between different phenological stages in the
shrubland in both invaded and non invaded patches (see also
Fig. 1). On the contrary, activities remained unchanged between
vegetative and reproductive stages in the mixed forests.
Pearson's correlation indicates that the activity of BG was pos-
itive and significantly correlated with pH values, but negatively
with C and N in non-invaded soils of the ecosystems (Table 2). In
invaded soils, BG was positively correlated with pH. However,
negative correlations were found between AP and NAGase with C,
N, and P (Table 2). In addition, individual bivariate correlations
(enzymeeenzyme) were higher in non-invaded soils than in soils
with A. dealbata presence (Table 2).
ANCOVA results indicated that air temperature (p < 0.05) and
soil temperature (p < 0.01) significantly influenced soil respiration
(data not shown). Therefore, respiration data were transformedTable 3
Effects of the independent variables of the model (3-way ANOVA) including
phenological stage (DecembereMarch), ecosystem (mixed forest-shrubland), soil
type (invaded-non invaded), and their interactions on soil enzymatic activities and
GMea;*p < 0.05;**p < 0.01;***p < 0.001. AP¼ acid phosphatase; BG¼ b-glucosidase;
NAGase ¼ N-acetyl-glucosaminidase; GMea ¼ geometric mean of enzymatic
activities
AP BG NAGase GMea
Phenological stage 0.000*** 0.628 0.002** 0.001**
Soil Type 0.000*** 0.000*** 0.000*** 0.000***
Ecosystem 0.044* 0.005** 0.001** 0.541
Ps x ST 0.008** 0.386 0.209 0.010*
Ps x E 0.004* 0.579 0.003** 0.057
ST x E 0.000*** 0.178 0.115 0.078
Ps x ST x E 0.000*** 0.229 0.696 0.015**according to these variables and submitted to ANOVA. Soil basal
respirationwas significantly lower in invaded soils of mixed forests
in the vegetative period (Fig. 2). Mixed forests had the highest
respiration values in the vegetative period of A. dealbata, whereas
shrublands had the lowest values for the same period, indepen-
dently of soil type (Fig. 2). In addition, respiration values were
significantly altered between phenological stages, decreasing in the
forests but increasing in the shrublands.
Principal component analysis of the soil community function
data for the two ecosystems revealed that 91.4% of the variation of
the soil microbial activity (EAs and SBR) could be explained by the
first (PC1, 70.4% of the total variance) and second (PC2, 20.5% of the
total variance) components (Fig. 3). Eigenvalues over 1 were
selected and a Varimax rotationwas performed. It is shown that the
enzymatic activities (AP, BG and NAGase, from invaded or non-
invaded patches) were closely located along the PC2, while they
were more distanced from each other along the PC1. GMea of the
enzymatic activities was negatively related with PC2, but did not
clearly separate invaded from native patches. On the contrary, SBR
was clearly differentiated, also negatively located on the PC2 (SBR
from invaded patches) or highly located along the PC1 (SBR from
native patches).4. Discussion
Results from this study clearly indicated that the exotic plant
A. dealbata can alter important functions of the soil microbial
community. The change in functions of the microbial community
was accompanied by changes in soil elements in the upper layer;
mainly total C, total N and NO2, NO3 and NH4þ and total and
available P. Like other species within the Acacia genus, A. dealbata
dramatically alters soil composition and nutrient release (Stock
et al., 1995; Lorenzo et al., 2010b), and slightly enhances decom-
position rates (Castro-Díez et al., 2012). The increment in the N
content and N compounds (NO2, NO3 and NH4þ) in soils invaded by
A. dealbatamay be related to the N2-fixing condition of this species
(Sheppard et al., 2006; Lorenzo et al., 2010a). Subsequently, these
changes might be responsible for the reduced C:N ratio found in
invaded soils, probably supported by an acceleration in decompo-
sition processes (Taylor et al., 1989; Augusto et al., 2002). In fact,
Castro-Díez et al. (2012) indicated an increase in N mineralization
in soils under A. dealbata mainly due to the high increase of
ammonium and nitrate. In our case, it is not the increase but the
significant differences in ammonium and nitrate content between
Fig. 1. Soil enzymatic activities and GMea in the mixed forests and shrublands in the different phenological stages: vegetative ( , December 2010) and reproductive period ( ,
March 2011). Asterisks represent significant differences with the non-invaded patches in t-test: *p < 0.05, **p < 0.01, ***p < 0.001. Lower case/capital letters indicate differences
between phenological stages. Vertical lines indicate standard error. Note the different scale for the activities.
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and nitrification processes, (suggested by the larger amounts of
NH4þ and NO3 in invaded soils) also found for other acacias
(Ehrenfeld, 2003) could underlie changes in N compounds.
As it was found with other acacias and N2-fixers (Zou et al.,
1995), phosphorus was altered under the A. dealbata canopy.
Moreover, it was negatively correlated with enzymatic activity but
positively correlated with the main soil parameters. The correlation
with C and N suggests that A. dealbata is the main source of P,
whereas in native ecosystems soil P probably derives frommultiple
sources. This fact could be also indicated by the negative correlation
in invaded soils between P and pH. C and N are negatively related to
pH, a common fact as they represent a substantial amount of the
soil organic matter and the enhancement in organic matter content
is usually accompanied by soil acidification in invasive processes of
Acacias (Ehrenfeld et al., 2003; Lorenzo et al., 2010b). Nevertheless,acidification seems to be dependent on the original soil conditions
as no differences in soil pH were collected after simulating
A. dealbata litter deposition in laboratory (Castro-Díez et al., 2012).
The massive C and N soil input seems to be a determining factor
affecting soil composition and could playa key role in the invasion of
A. dealbata. High percentage of variation in the average of soil
chemical values found in shrublands (333%)might be favored by the
initially poor values in these ecosystems compared to the original
values in mixed forests. As stated by Dassonville et al. (2008), large
positive impacts (higher topsoil nutrient concentrations in patches
where A. dealbata was present) were initially most often found in
siteswith small pools of nutrients in the topsoil. In addition, another
likely explanation for the remarkable differences between invaded
and non-invaded soils in shrublands could be the enhanced amount
of organic matter (total C) in the litter due to the change in the
dominant eAcacia vs shrubse life form (Alpert et al., 2000).
Fig. 2. Soil basal respiration (SBR) in the different phenological stages: vegetative ( , December 2010) and reproductive period ( , March 2011), for the different ecosystems.
Asterisks represent significant differences with non-invaded zones in t-test: *p < 0.05; **p < 0.01, ***p < 0.001. Lower case/capital letters indicate differences between phenological
stages. Vertical lines indicate standard error.
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in macronutrients in invaded soils. Calcium content (values in
invaded shrubland were 10-fold non-invaded values) displays
some of the largest variation in foliar concentrations and consistent
differences among plant functional types (Thompson et al., 1997).
These macronutrients play a key role since deficiencies in these
cations can often be a limiting factor of tree growth (Augusto et al.,
2002). Rock-derived nutrients as K, Ca or Mg, are made available
mainly through the geochemical processes of mineral weathering
(Schlesinger, 1997). In our case, the trend of increased content of K,
Ca and Mg in soils with A. dealbata presence is in accordance with
the highest rates of organic matter entering the ecosystem. In the
case of soils invaded by A. dealbata, high increase in organic matter
can be positively influencing nutrients retention (da Silva et al.,
2014) and vice versa (Sollins et al., 1996). The enhancementFig. 3. Ordination biplot (PC1 vs. PC2) of principal component analyses (PCA) for both
invaded and non-invaded ecosystems based on soil microbial parameters: Soil basal
respiration (D), GMea (þ) AP activity (O), NAG activity (▫), and BG activity (◊). Empty
symbols (D) represent non-invaded zones; filled symbols (:) represent invaded
zones. Data in parentheses indicate the percentage of total variation accounted for
each principal component axis.produced by the invader entailed higher nutrient availability (with
the exception of K in mixed forests) in the upper layers of invaded
soils, linking nutrient content with litter produced by A. dealbata.
Moreover, the extended and aggressive root system of A. dealbata
(Fuentes-Ramírez et al., 2011) can be also accelerating weathering
since plant roots take advantage of existing pores and fractures in
bedrock to advance physical weathering (Roering et al., 2010;
Brantley et al., 2011). Another plausible explanation is that foliage
of hardwood species usually has higher concentrations of N, K, Ca
and Mg than coniferous species (Augusto et al., 2002). A. dealbata is
not a real hardwood species (acacia has persistent evergreen
phyllodes); however, the high amount of litter (dead branches,
leaves, superficial roots) produced can be responsible for the in-
crease obtained.
The shift in organic matter inputs, C or N, may also be related to
changes of function in the soil microbial community (Allison and
Vitousek, 2005; Wallenius et al., 2011; Esch et al., 2013). Previous
works have shown that A. dealbata modifies soil chemistry and
changes soil functional diversity of bacteria in mixed pine forests
(Lorenzo et al., 2013a). Our results suggest that this invader mainly
increased microbial activity associated with C and P cycles. In
addition, the general increase of the measured enzymatic activities
and GMea in the invaded soils indicated an enhancement in
nutrient cycling in soils under A. dealbata canopy, due to the
consistent trend of increased activities across the invaded patches.
The alteration found in the N:P ratio contribute to the effective
modification of microbial community function, since on a medium
or large scale this ratio was established as a crucial factor control-
ling microbial functional diversity, with a similar importance to
water availability (Liu et al., 2010). In line with Fanelli et al. (2008),
differences found in the N:P ratio in our study can be interpreted as
a high severity of disturbance caused by A. dealbata. Nevertheless,
we do not avoid the fact that enzymatic measurements carried out
in this assay only reflect a small, but important, part of the general
picture of the microbial community activity. These three enzymes
provide us with valuable information of C, N and P cycles; however,
complementary information would be very interesting in order to
strongly support changes, and on the other hand, intricate micro-
bial community function. Additionally, biological interpretation of
the enzymatic results is certainly complex as AP, BG and NAGase
were differently affected by independent variables (phenological
stage, soil type and ecosystem) and their interactions.
P. Souza-Alonso et al. / Soil Biology & Biochemistry 79 (2014) 100e108106The reduction in C:N ratio seems to be related to the age of in-
vasion in A. dealbata (Souza-Alonso et al., unpublished data). The
initial pH values found in mixed forests and shrublands (z5e4)
could favor fungal dominance (Bååth E. and Anderson, 2003; De
Vries et al., 2006) as well as a C:N ratio z15 does (Strickland and
Rousk, 2010). However, under A. dealbata canopy maximum pH
values barely reached 4.5 units. At these pH values and below this
threshold, Rousk et al. (2009) found an inhibition of microbial
variables. In fact, some authors have recently found a reduction in
soil bacterial richness and diversity in the laboratory under
A. dealbata influence (Lorenzo et al., 2013a). Therefore, in this work
fungal community could be exerting a key role under A. dealbata
canopy.
NAGase activities, important for N-transformations in acidic
soils (Parham and Deng, 2000), have a wide origin and this enzyme
is expressed by a diverse group of fungi (Miller et al., 1998). Low pH
favors soil conditions for fungal development, so an increase in
NAGase activity would be expected. Indeed, in shrublands, where
the variation of pH range was higher, significant differences in
NAGase activity were found, whereas the variation for the forests
was not significant. Moreover, some authors have previously found
an alteration in the structure of fungal community in soils from
A. dealbata stands (Lorenzo et al., 2010b) and even beneath other
acacias (Remigi et al., 2008). However, the change towards fungal
activity predominance is carefully suggested due to a relevant fact.
N levels and NAGase activity are both enhanced in soils invaded by
A. dealbata, but NAGase activities are generally inversely propor-
tional to N availability (Sinsabaugh et al., 1993). This circumstance
is also extensive to the AP activities. Generally, increased AP activity
is a response to low environmental P availability (Sinsabaugh et al.,
1993). Allison and Vitousek (2005) could provide us with a plau-
sible explanation for the enhanced activities in NAG and AP. They
suggested an “apparent limitation” in P to explain the rise in the
activity of AP. In soils invaded by A. dealbata, the increase in N:P and
C:P ratio would be an indication to invest in P acquisition, with the
resulting enhancement in AP activity. In addition, AP is known to
increase with organic P (Redel et al., 2008) and the high correlation
found between C and P in soils invaded by A. dealbata suggest an
enhancement in organic P, bound to the organic matter. Therefore,
organic P could be responsible for the increase in AP activity and, in
turn, AP activity may enhance mineralization rates of organic P. At
the same time, the activity of this enzyme can be used as predictor
of mass loss (Waring, 2013), therefore it provides us with infor-
mation about the state of decomposition processes.
The large amount of organic matter in A. dealbata litter entering
the system (reflected in the C content) is probably more important
than mineral N availability in determining enzyme production
(Allison et al., 2006), mainly in the upper layers of soil. Actually, the
organic matter is considered to be the main determinant of the
level of soil enzyme activities (Wallenius et al., 2011; Stursova and
Baldrian, 2011). The increase in C provided by A. dealbata may
contribute to the rise in BG activity and, as we found for NAGase, it
was independent of the phenological stage. Therefore, changes
produced in these activities are probably more stable. Besides the
variation in organic matter inputs and due to the changes in plant
dominance in patches invaded by A. dealbata, a substrate with a
different composition could be deposited in the upper layers of A.
dealbata soils. Different organic matter inputs (through litter and
decaying material) that are also quantitatively higher, would
contribute to explaining the alteration in BG activity as well as al-
terations in the remaining EAs. Composition and activity of mi-
crobial community is directly affected by litter characteristics
(Pfeiffer et al., 2013).
In addition to the altered EAs, results from correlation analyses
also suggest that the presence of A. dealbata has an effect on howenzymes work. The relationships between EAs and C, N and P were
reversed in soils invaded by A. dealbata. Activities of AP and NAG are
uncorrelated with C, N and P in non-invaded patches, but these
activities were negatively related in the invaded soils. We suggest
that the presence of the invader could also modify patterns of
enzymatic activity. Furthermore, weak or negative relationships
between C, N and P with enzymatic activities suggests that other
factors, such as an interaction with soil particles (Geisseler and
Horwath, 2009), can be influencing enzymatic activity in non-
invaded soils. AP and NAG activities seem to be dependent on
chemical composition in the invaded soils. On the contrary, an
opposite trend might be suggested for BG activity. This change in
function can be associated with the change in microbial composi-
tion, since bacteria and fungi are the main source of extracellular
soil enzymes but the structure of soil community can be modified
under A. dealbata invasion (Lorenzo et al., 2010b). However, despite
the general modification in enzymatic activities, the ordination plot
from PCA did not clearly differentiate invaded and native zones
because of their enzymatic functionality.
Soil basal respiration data are not in line with the general
trend; whereby the presence of exotic species generally en-
hances respiration rates (Metcalfe et al., 2011). Results of EAs and
GMea suggested a partial increase in the microbial activity in the
invaded soils, and so an enhancement in SBR would be expected.
Nevertheless, contrary to the EAs and the GMea results, respi-
ration rates were higher in non-invaded soils of mixed forests or
not affected in soils of shrublands. Indeed, a trend of increased
SBR has recently been found in soils invaded on a new and long-
time basis by A. dealbata (Souza-Alonso et al., unpublished data).
Soil respiration is positively correlated with soil organic matter
content. However, in this case we can argue that despite the
enhancement of measured microbial activities, a reduction in
unexplored activities or the effect of other environmental vari-
ables can be unbalancing microbial activity in the mixed forest,
as inferred by the reduction in SBR. In addition, it is possible that
measured activities may not be entirely illustrative of the entire
microbial community and thus some differences may have
remained unnoticed. Nevertheless, contrary to the EAs and the
GMea, PCA analysis clearly separate respiration values from
invaded and non-invaded patches, implying that respiratory
metabolism of the invaded and non-invaded communities per-
formed differently.
Due to the influence of independent factors (phenological stage,
soil type and ecosystem) on microbial parameters, we can suggest
that the phenological stage of A. dealbata and ecosystem selected
exerted variable influence on EAs and SBR. On the contrary, the
presence of the invader in the shrublands invariably altered the
function of the microbial community. Despite EAs and SBR in
invaded soils being altered both in shrubland andmixed forests, the
ecosystems do not perform equally. Enzymatic activities collected
in the forests were more stable between phenological stages in the
invaded but also in non-invaded sites. Therefore, modifications in
the function of soil microbial community seems to be highly reliant
on the ecosystem invaded.
Furthermore, during the reproductive period, rainfall leachates
from inflorescences and the presence of flowers in the soil ensures
the occurrence of bioactive compounds with potential phytotoxic
capacity. However, EAs and SBR values performed similarly be-
tween dates in invaded and non-invaded soils, independently of
the ecosystem selected. Our results do not match those from a
previous study that examined the allelopathic effect of A. dealbata
leachates on microbial functional diversity during its reproductive
period, as that study found a different functional diversity of soil
bacteria in soils of mixed forests (Lorenzo et al., 2013a). Conse-
quently, results presented here suggest that the phenological stage
P. Souza-Alonso et al. / Soil Biology & Biochemistry 79 (2014) 100e108 107of A. dealbata is not a critical factor influencing soil microbial
community activity.
5. Conclusions
In the presented study, the occurrence of A. dealbata in mixed
forest and shrubland altered soil chemistry characteristics, mainly
C and N content (and N compounds) and the related ratios N:P and
C:N. Soil microbial community activity, reflected in the enzymatic
activities, was markedly stimulated in the presence of A. dealbata
independently of the phenological stage of the invader. The pres-
ence of the invader had different effects depending on the
ecosystem studied. In our case, alterations found in the enzymatic
activities, together with changes in soil parameters, mainly C, N and
P, indicated that A. dealbata produced larger modifications on
shrubland in comparison with mixed forest. Overall, this study
underlines the necessity to take into account the soil microbial
community when studying the impact of invasive plants.
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